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Abstract The synthesis, solution conformation and ice-growth
inhibition properties of four new analogues of the type I 37-
residue winter flounder ‘antifreeze’ protein are reported. All four
analogues contain two extra salt bridges to facilitate comparison
of results with previously published data. In two analogues, all
four threonine residues in the native polypeptide were mutated to
2-amino butyric acid (an unnatural amino acid) and isoleucine,
respectively. The butyric acid analogue was V85% helical at
3‡C, modified the shape of ice growth, and exhibited reduced
hysteresis compared to the native protein (9% at 4 mM). These
results show that the Q-methyl group of threonine, which is
present in the sidechain of 2-amino butyric acid, is not sufficient
for activity. The isoleucine analogue, in which the threonine
hydroxyl group is replaced by an ethyl group, was 100% helical
at 3‡C, showed no hysteresis but was able to modify the shape of
ice crystal growth. In the third and fourth analogues, mutations
of the aspartic acids 1 and 5 to alanine, and asparagines 16 and
27 to leucine in the threonine- and valine-substituted analogues
did not affect the helicity of the polypeptides, but removed the
ability to inhibit ice growth. ß 2001 Federation of European
Biochemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction
The type I ‘antifreeze’ proteins, found in the body £uids of
¢sh inhabiting polar oceans, are alanine rich K-helical proteins
that are able to inhibit the growth of ice (reviewed in [1,2]).
The 37-residue winter £ounder (Pseudopleuronectes ameri-
canus) protein ‘HPLC6’ (TTTT) [3], which contains three
11-amino acid repeats of the sequence ThrX2AsxX7 [4,5],
modi¢es both the rate and shape (or ‘habit’) of ice crystal
growth [6], displays hysteresis [7,8], and accumulates speci¢-
cally at the {2 0 2 1} ice plane [9]. In this paper we report
studies on four new hydrophobic analogues of the winter
£ounder protein TTTT.
Structure^activity studies [10^13], and hemisphere etching
[6] on TTTT have resulted in a number of models to explain
speci¢c accumulation at the {2 0 2 1} ice surface by invoking
hydrogen bonding involving the four threonine residues at
positions 2, 13, 25 and 37. While molecular dynamics and
computer simulations [14^18] supported these models, de-
tailed simulations of the di¡use ice/water interface [19,20] do
not support hydrogen bonding dominated mechanisms. Re-
cent studies in which mutations of the threonine residues to
hydrophobic residues (alanine, valine) [21,22], as well as mu-
tations that retain hydrogen bonding characteristics (serine,
allo-threonine) [21^24], have shown clearly for the ¢rst time
that hydrophobic interactions play a signi¢cant, perhaps dom-
inant, role in the mechanism of ice-growth inhibition. These
recent experimental results [21^24] have prompted a re-evalu-
ation of the putative ice-binding surface of the protein [1,25],
and ice/vacuum simulations that explicitly incorporate hydro-
phobic interactions have been reported [26]. Residues that
project onto the same face of the helix as the threonines,
including the asparagine and aspartic acid (Asx) residues
have also been proposed to be important [4,13,14,27,28] and
it has recently been proposed that asparagine may be more
important for increasing protein solubility than for its poten-
tial hydrogen bonding capabilities [29]. Very recent studies of
synthetic alanine^lysine antifreezes, motivated by studies of
sculpin antifreezes, by Wierzbicki et al. [30] are consistent
with these ¢ndings.
In this paper we report studies on four new hydrophobic
analogues of the winter £ounder protein TTTT (Table 1). All
four polypeptides studied retain two extra salt bridges to fa-
cilitate comparison with our earlier data [21,22]. The threo-
nine residues were replaced by 2-amino butyric acid (B) and
isoleucine (I), respectively, in order to provide further exper-
imental data on the signi¢cance of hydrophobicity at positions
2, 11, 24 and 35 of the native protein TTTT. In addition we
have studied analogues TTTTAL2KE and VVVVAL2KE
(Table 1) in which hydrophobic mutations at the Asx posi-
tions have been introduced.
2. Materials and methods
2.1. Polypeptides
Crude polypeptides were synthesised as the C-terminal amides by
AusPep Pty Ltd, Melbourne, Australia and were puri¢ed by reverse-
phase high-performance liquid chromatography (Vydac 218TP1022
column, AB gradient of 10^45% B over 90 min; solvent A: 0.05%
tri£uoroacetic acid/water, solvent B: 0.05% TFA/acetonitrile. Electro-
spray ionisation mass spectrometry gave the expected molecular ion
peaks: 3409.9 (BBBB2KE), 58% peptide content; 3522.4 (IIII2KE),
61% peptide content; 3384.4 (TTTTAL2KE), 59% peptide content
and 3376.4 (VVVVAL2KE), 66% peptide content.
2.2. Circular dichroism (CD)
CD measurements were made using a Jasco J-710 spectropolarim-
eter equipped with a water-jacketed cell of 0.1 cm connected to a
NESLAB RTE-111 water bath. Peptide samples were between 0.1
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and 0.5 mg ml31 in water or 100 mM NH4HCO3 bu¡ered solutions,
at pH 8.5. The sample pH was adjusted using 0.1 M NaOH and HCl
solutions as required. Variable temperature measurements were made
at regular intervals between 3 and 50‡C. Sample concentrations for
CD and ice-binding studies were determined by amino acid analysis
which was carried out by AusPep Pty Ltd, Melbourne, Australia.
2.3. Video microscopy
Ice crystals were observed through a microscope and time evolution
recorded by a video camera linked to video recorder. Still images were
obtained from the videotape record at regular intervals over a period
of approximately 1 min. The absolute length scale in the video images
was determined by taking an image of a 50 Wm standard grid through
the microscope at identical magni¢cation.
3. Results
3.1. Polypeptide design
Two additional salt bridges (indicated by su⁄x 2KE) were
incorporated into all polypeptides to allow direct comparison
of results with our previous polypeptides [21]. Polypeptides
BBBB2KE and IIII2KE contained mutations of all four
threonines to 2-amino butyric acid (B) and isoleucine, respec-
tively. Both amino butyric acid (B) and isoleucine contain a Q-
methyl group analogous to the Q-methyl group present in
threonine, but di¡er in the size and shape of the surrounding
groups; IIII2KE contains an ethyl group in place of the hy-
droxyl group present in Thr, whereas BBBB2KE contains a
hydrogen atom in place of the Thr hydroxyl group. These
polypeptides were designed to complement our previous ana-
logues in which the threonine residues were mutated to valine,
alanine and glycine, respectively [21]. Since leucine is also a
hydrophobic amino acid, a leucine analogue was considered.
However, leucine lacks the methyl group present on the L-
carbon, and the length of the sidechain protrudes signi¢cantly
from the surface of the helix which creates a di¡erent class of
interaction with the di¡use ice/water interface [20].
Polypeptides TTTTAL2KE and VVVVAL2KE were de-
signed to assess the importance of hydrogen bonding of the
Asx residues (Asp1, Asp5, Asn16 and Asn27) in the mecha-
nism of inhibition of ice growth by TTTT. The Asp residues
were replaced by Ala and the Asn residues by Leu, being
hydrophobic residues that lack the ability to participate in
hydrogen bonding interactions. As there are no naturally oc-
curring amino acids with hydrophobic sidechains that mimic
closely the approximate sidechain size of Asp and Asn, Ala
and Leu were chosen as the sidechains most similar in size to
Asp and Asn that did not introduce potential steric interac-
tions through branching. TTTTAL2KE retains the key threo-
nine residues and replaces only the other polar Asx residues
with hydrophobic residues. VVVVAL2KE involved replace-
ment of the threonine residues with valine residues, as well
as the Asx residues with Ala/Leu. Hence, in this polypeptide,
hydrophobic residues have replaced all potential hydrogen
bonding residues that have been implicated in proposed ice-
binding mechanisms. For enhancement in solubility and to
allow comparison with related polypeptides [21], the addition-
al salt bridges were also incorporated into the sequences.
3.2. Nanoliter osmometry
The thermal hysteresis values for all polypeptides were mea-
sured by nanoliter osmometry using similar methods to those
previously reported [21]. The behaviour of ice growth in poly-
peptide solutions was observed from the thermal hysteresis
experiments using microscopy and recorded on videotape.
Measurements were made in unbu¡ered aqueous solutions
on 4, 2 and 1 mM polypeptide samples, with concentrations
of each stock solution determined by amino acid analysis. The
initial solution concentration was as high as possible without
producing gelling of the sample (i.e. approximately 10 mM).
Of the four polypeptides, only BBBB2KE showed thermal
hysteresis. Fig. 1 shows the thermal hysteresis values along
with the published data for the native protein TTTT [7] and
our previously published hydrophobic analogues [21].
Fig. 2 summarises the patterns of ice crystals grown from
solutions of BBBB2KE, IIII2KE, TTTTAL2KE and
VVVVAL2KE. BBBB2KE displayed a pronounced needle
shaped hexagonal bipyramid (Fig. 2a). In the case of IIII2KE
and TTTTAL2KE (Fig. 2b,c), distinct faceting was observed.
However, the characteristic hexagonal bipyramid formed in
solutions of ice-growth inhibitors, such as TTTT2KE or
VVVV2KE [21], was not seen. In solutions of IIII2KE and
TTTTAL2KE, the seed crystal faceted to a hexagonal shaped
crystal that then continued to grow steadily until the entire
solution was encompassed and no rapid growth was evident.
VVVVAL2KE did not show any faceting (Fig. 2d).
Fig. 1. Thermal hysteresis as a function of concentration for unbuf-
fered solution of BBBB2KE (¢lled circles). For comparison, pub-
lished hysteresis date for the native protein TTTT (open circles) [7]
TTTT2KE (diamonds) and hydrophobic analogues VVVV2KE
(squares) and AAAA2KE (triangles) [21] are also included.
Table 1
Polypeptide sequences highlighting mutations of Thr (bold), mutations of Asx residues (underlined) and additional salt bridges (italicised)
1 2 13 24 35
TTTT D TASDAAAAAAL TAANAKAAAEL TAANAAAAAAA TARCONH2
IIII2KE D IASDAKAAAEL IAANAKAAAEL IAANAKAAAEA IARCONH2
BBBB2KE D SASDAKAAAEL SAANAKAAAEL SAANAKAAAEA SARCONH2
TTTTAL2KE A TASAAKAAAEL TAALAKAAAEL TAALAKAAAEA TARCONH2
VVVVAL2KE A VASAAKAAAEL VAALAKAAAEL VAALAKAAAEA VARCONH2
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3.5. CD
Variable temperature CD spectra of all analogues were re-
corded in order to establish the e¡ect of the mutations on the
K-helical conformation of the polypeptides (Fig. 3). At 3‡C,
polypeptides IIII2KE, TTTTAL2KE and VVVVAL2KE were
estimated to be 100% K-helical, as expected from helix pro-
pensities of the amino acids [31]. Heating the polypeptides to
50‡C destabilised the helical conformation, but even at this
temperature TTTTAL2KE and VVVVAL2KE were still 75^
85% helical. In the case of BBBB2KE, the helicity at 3‡C was
estimated to be 85%. Since 2-amino butyric acid is an unnatu-
ral amino acid, there is no known data available in regards to
its helical propensity.
4. Discussion
Compared to the native protein TTTT, analogues
BBBB2KE and IIII2KE contain mutations of the four threo-
nine sidechains to hydrophobic sidechains that are comple-
mentary to our published analogues VVVV2KE and
AAAA2KE [21]. Both 2-amino butyric acid and isoleucine
retain the Q-methyl group of threonine, but replace the poten-
tial hydrogen bonding hydroxyl group with hydrogen and an
ethyl group, respectively (Fig. 4). Thus, the local environment
of the threonine Q-methyl group has been systemically varied.
BBBB2KE displayed the ability to modify the shape of a
seed crystal to form a hexagonal bipyramid, and exhibited
thermal hysteresis (0.1‡C at 5 mM), but at a signi¢cantly
reduced level compared to the native protein, and lower hys-
teresis than either VVVV2KE or AAAA2KE (Fig. 1). The
helicity of BBBB2KE is estimated at V85% which may ac-
count for a minor reduction in hysteresis. However, the results
show that the presence of the Q-methyl group of threonine
alone is not su⁄cient to confer ice-growth inhibition proper-
ties; the presence of the OH as well as the Q-methyl in TTTT
or a second methyl group (present in VVVV2KE) confers
signi¢cantly higher thermal hysteresis.
In the case of IIII2KE, the hexagonal bipyramidal crystal
characteristic of ice-growth inhibitors was not observed and
the polypeptide exhibited no thermal hysteresis. However, the
polypeptide was able to modify the crystal shape forming a
hexagonal shaped crystal, i.e. the polypeptide is an ice-growth
modi¢er [1]. As this polypeptide is fully helical at low temper-
atures, the presence of an ethyl group in place of the OH in
TTTT, or in place of one of the two methyl groups in
VVVV2KE (see Fig. 4), removes the ability to inhibit ice
growth. This result is consistent with the ethyl group prevent-
ing close contact with the ice-binding face of the polypeptide
and the ice surface, and is consistent with previous studies in
which close contacts between the Thr sidechains and the ice
surface are necessary for activity [4,14,29].
Comparison of the results obtained with BBBB2KE and
IIII2KE with our previously published hydrophobic ana-
logues VVVV2KE and AAAA2KE included in Fig. 1 also
allows comparison of the e¡ect of the sequential addition of
methyl groups at positions 2, 13, 24 and 35 of the polypeptide
on thermal hysteresis. Thus, addition of a single methyl group
to the Ala residues of AAAA2KE (to give BBBB2KE) reduces
hysteresis. In contrast, addition of two methyl groups to the
Ala residues (to give VVVV2KE) gives maximum hysteresis.
Further addition of another methyl group to give IIII2KE
gives no thermal hysteresis.
Neither of the analogues TTTTAL2KE or VVVVAL2KE
exhibited thermal hysteresis. As the parent sequences
TTTT2KE and VVVV2KE show similar ice-growth inhibi-
tion properties at low concentrations (6 1 mM, Fig. 1), it
was expected that similar thermal hysteresis and ice-growth
patterns would be observed for TTTTAL2KE and
VVVVAL2KE, if the Asx residues play an insigni¢cant role
in the inhibition of ice growth. As a result of the replacement
of Asp at positions 1 and 5 with Ala, the extensive capping
network present in TTTT [4] is lost, which could have a det-
rimental e¡ect on the stability of the helix. However, CD and
molecular modeling were consistent with a fully helical poly-
peptide at low temperatures and hence the removal of the
capping network was not considered to have had a signi¢cant
Fig. 3. Variation of % helicity ( þ 10%) with temperature of poly-
peptides in water, pH 8.5, BBBB2KE (circles), IIII2KE (triangles),
TTTTAL2KE (diamonds) and VVVVAL2KE (squares). Values
s 100% are due to errors in sample concentrations determined by
amino acid analysis and in the estimation of the theoretical value
for the polypeptide in a random coil conformation.
Fig. 2. Video microscopy images of ice crystal growth in the presence of (a) BBBB2KE, (b) IIII2KE, (c) TTTTAL2KE and (d) VVVVAL2KE.
All concentrations are in the range 6^7 mM.
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impact on the helicity of the polypeptide. TTTTAL2KE
showed a distinct ice-growth pattern, forming hexagonal crys-
tals, but in our hands yielded no measurable thermal hyste-
resis (6 0.05‡C). Thus, the mutations introduced con¢rm the
involvement of the Asx residues in the mechanism of ice-
growth inhibition.
In a recent study [29], replacement of the asparagine resi-
dues with amino acids of shorter sidechains (alanine or threo-
nine) resulted in little change in ice-growth inhibition proper-
ties, while substitution with larger sidechains (glutamine)
abolished thermal hysteresis. In addition, replacement of leu-
cine residues with alanine gave more active, but less soluble
analogues. Thus it was proposed that asparagine may be more
important for increasing protein solubility than for its poten-
tial hydrogen bonding capabilities, with a primary role for
leucine in preventing aggregation [29]. Our results are consis-
tent with this hypothesis, as leucine is larger than asparagine,
and would introduce steric interactions similar to glutamine.
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